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Regulation of delayed rectiﬁer-type K+ channels (Kv-channels) by glucose was studied in rat pancre-
atic b-cells. The Kv-channel current was increased in amplitudes by increasing glucose concentra-
tion from 2.8 to 16.6 mM, while it was decreased by 2.8 mM glucose in a reversible manner
(down-regulation) in both perforated and conventional whole-cell modes. The current was
decreased by FCCP, intrapipette 0 mM ATP or AMPPNP. Glyceraldehyde, pyruvic acid, 2-ketoisocap-
roic acid, and 10 mM MgATP prevented the down-regulation induced by 2.8 mM or less glucose. The
residual current after treatment with Kv2.1-speciﬁc blocker, guangxitoxin-1E, was unchanged by
lowering or increasing glucose concentration. We conclude that glucose metabolism regulates
Kv2.1 channels in rats b-cells via altering MgATP levels.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Potassium channels in pancreatic b-cells play a pivotal role in
glucose-stimulated insulin secretion. The resting potential of b-
cells is determined by activity of ATP-sensitive K+ channels (KATP
channel) [1–3]. Elevation of external glucose concentration depo-
larizes b-cell membrane by closure of KATP channels, thereby
inducing bursting spike-like action potentials that are produced
by orchestrated openings of voltage-dependent Ca2+ channels
(VDCCs) and voltage-gated K+ channels (Kv-channels). Kv channels
are composed of delayed rectiﬁer K+ channels that are slowly acti-
vated upon depolarization [4,5] and a distinct class of Kv channels
with fast and transient activation during depolarization, being de-
ﬁned as A-current [6,7]. The delayed rectifying current is the major
component of Kv-channel currents in b-cells from human [8,9] and
rodents [4,5]. Among these Kv channels, Kv2.1 is a predominant
component of the delayed rectifying current identiﬁed in mamma-
lian b-cells [7,8]. As the other delayed rectifying Kv channels,
Kv3.2, Kv8.1 and Kv9.3 are reportedly present in b-cells [8] and fur-
thermore Kv1.5 and Kv1.6 in human islets [7]. mRNAs of Kv1.4,
Kv1.5, Kv2.1, Kv2.2, Kv3.1 and Kv3.2 channels were detected in
INS-1 cells [10]. Apart from these channels, Kv1.4, Kv3.3, Kv3.4chemical Societies. Published by Eand Kv4.2 show the feature of A-current [7]. Pharmacological, met-
abolic and hormonal regulations of Kv-channel current are thus ex-
pected to shorten or prolong action-potentials elicited by glucose
stimulation, thereby inﬂuencing Ca2+ entry through VDCCs and
eventually insulin secretion [11–16]. Recently it was reported that
electrical activity of human b-cells during glucose stimulation was
little inﬂuenced by Kv2.1 inhibition with a speciﬁc blocker, stroma-
toxin [17]. In the present report we demonstrate a novel regulation
of delayed rectiﬁer-type Kv-channel by glucose metabolism in rat
pancreatic b-cells. The Kv-channel activity increases with an eleva-
tion of glucose concentration.2. Materials and methods
Male Wistar rats were housed according to our institutional
guidelines and for animal care. Approval of animal experiments
by institutional committee of ethics was obtained. Islets of Langer-
hans were isolated by collagenase digestion from the rats aged 8–
10 weeks, as previously reported [14,18]. Collected islets were dis-
persed into single cells and maintained in short-term culture for up
to 3 days in Eagle’s minimal essential medium containing 5.6 mM
glucose supplemented with 10% fetal bovine serum, 100 lg/ml
streptomycin, and 100 U/ml penicillin in 95% air with 5% CO2 at
37 C. The cells were superfused with control HEPES-Krebs-Ringer
bicarbonate buffer (HKRB) solution containing 2.8 mM glucose.lsevier B.V. All rights reserved.
Fig. 2. Kv-channel current is down-regulated by low glucose and restored by high
glucose. Amplitudes of Kv-channel current recorded from time zero in the same
protocol as in Fig. 1 were plotted by measuring currents at the end of step pulses
with 100 ms duration to +20 mV in the presence of 2.8 mM glucose and subsequent
exposure to 16.6 mM glucose. Current traces depicted on upper panel (a–c) were
obtained at the time points indicated in lower panel.
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pipette solution containing nystatin (150–200 lg/ml) dissolved in
0.1% DMSO, as previously reported [14,18]. Membrane currents
were recorded using an ampliﬁer (Axopatch, 200B, Foster, CA) in
a computer using pCLAMP10.2 software. The resistances of patch
pipettes ranged from 3 to 5 MX.
For perforated whole-cell clamp, pipette solution contained (in
mM): K2SO4 40, KCl 50, MgCl2 5, EGTA 0.5 and HEPES 10 at pH 7.2
with KOH. For conventional whole-cell clamp experiments, pipette
solution contained (in mM): KCl 50, K2SO4 35, MgCl2 5, EGTA 11,
CaCl2 1, HEPES 11 and ATP-2Na (Rosh Diagnostic, Tokyo, Japan) 5
at pH 7.2 with KOH. The HKRB solution contained (in mM): NaCl
129, NaHCO3 5.0, KCl 4.7, KH2PO4 1.2, CaCl2 2.0, MgSO4 1.2 and
HEPES 10 at pH 7.4. Glucose was added to this solution at required
concentrations. Glycolytic intermediates: D,L-glyceraldehyde
(Nacarai Tesque, Tokyo, Japan), pyruvic acid (Wako Pure Chemical
Industries Ltd., Tokyo, Japan), or 2-ketoisocaproic acid (KIC, Nacarai
Tesque, Tokyo, Japan) were applied from either external or internal
side as indicated in text. Guangxitoxine-1E was from Peptide Insti-
tute Inc. (Tokyo, Japan). p-Triﬂuoromethoxyphenylhydrazone
(FCCP) was from Wako Pure Chemical Industries Ltd. (Tokyo, Ja-
pan). Nystatin, Adenosine 50-(b,c-imido)triphosphate (AMPPNP),
b-nicotinamide adenine dinucleotide phosphate hydrate (NADPH)
and b-nicotinamide adenine dinucleotide phosphate (NADP) were
from Sigma–Aldrich (Tokyo, Japan). The experiments were per-
formed at room temperature (25 C) or 36 C (Fig. 3B). To identify
whether the voltage-clamped cell is an insulin-producing cell,
the cell was ﬁxed with 4% paraformaldehyde after electrophysio-
logical experiment and incubated for one hour with rabbit poly-
clonal anti-insulin antibody (MP Biomedicals, OH, USA) at aFig. 1. Effects of glucose on the Kv-channel currents. (A) Current traces in response to d
intervals of 10 s were recorded after formation of perforated whole-cell clamp in the pres
the solution to inhibit KATP channels. At 3 min after exposure to this solution the time wa
recordings were initiated (upper traces). In the experiments for lower traces, the solutio
Original current traces at time indicated were depicted. (B) The Kv-channel current me
pulses was normalized to that at time 0 and plotted against time in HKRB solution with 2
whole-cell mode and expressed by mean ± S.E.M. (C) Current–voltage relations recorded
in perforated mode at 25 min. In comparison of the current densities between 2.8 and 16.
test). (D) Time courses of the relative Kv-channel current obtained with conventional
indicate data recorded from the cells exposed to 2.8 mM (n = 4) and closed symbols thodilution of 1:250 at 36 C followed by Alexa Fluor 488-labeled goat
anti-rabbit IgG (Molecular Probes Inc., Eugene, USA). Negative con-
trol immunoﬂuorescence was performed by omitting anti-insulin
antibody (data not shown).
Data represent the mean ± S.E.M. Statistical analyses were per-
formed using the Student’s t-test or one-way ANOVA as indicatedepolarization to 0 mV with 100 ms duration from a holding potential of 70 mV at
ence of 2.8 mM glucose in HKRB solution. Tolbutamide at 100 lMwas then added to
s reset to 0 min, the solution was changed to HKRB containing 16.6 mM glucose and
n was continuously superfused with HKRB containing 2.8 mM glucose from time 0.
asured at the end (a current level averaged between 90 and 99 ms) of depolarized
.8 mM (open circles) or 16.6 mM glucose (closed circles). Data were from perforated
in the presence of 2.8 mM (open symbols, n = 6) or 16.6 mM (closed symbols, n = 7)
6 mM glucose, Pwas 0.18 at30 mV and <0.05 at more positive potentials (unpaired
whole-cell mode, while other protocol was the same as that in (B). Open symbols
se to 11.2 mM glucose (n = 6).
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0.05 were considered statistically signiﬁcant.
3. Results
3.1. Regulation of b-cell Kv-channel current by changes in glucose
concentrations
After formation of the perforated whole-cell clamp mode in
control HKRB solution containing 2.8 mM glucose, the solution
was changed to the HKRB solution containing 100 lM tolbutamide
and either 2.8 mM or 16.6 mM glucose. Current recording was then
commenced and voltage-gated activation of the currents was ob-
served as depicted in Fig. 1A. These voltage-gated currents (Kv-
channel currents) were consistent with delayed rectifying K+ cur-
rents [4,5,7,9,14,15]. Amplitudes of Kv-channel currents gradually
increased with time during exposure to 16.6 mM glucose
(Fig. 1A, upper panel), while they decreased in the persistent pres-
ence of 2.8 mM glucose (down-regulation, lower panel). The rela-
tive Kv-channel currents decreased during continuous exposure
to 2.8 mM glucose in a time-dependent fashion; by contrast a rise
in external glucose concentration to 16.2 mM increased ampli-
tudes of the current with time (Fig. 1B).
The relative Kv-channel current 2 min after exposure to
16.6 mM glucose was 1.04 ± 0.01 (n = 9, P = 0.02 vs. time 0 at mem-
brane voltage of +20 mV, paired test). This was also signiﬁcantly
greater than that measured at the same time after exposure to
2.8 mM glucose, 0.94 ± 0.01 (n = 10, P = 0.0002 vs. 16.6 mM glucoseFig. 3. Effects of glucose, temperature, ratio of cytosolic NADPH/NAD, glycolytic interme
conventional whole-cell mode at membrane potential of +20 mV depolarized from 70 m
8.3 or 11.2 mM glucose. *P < 0.05 vs. 11.2G (unpaired test). Number of data in each bar
recording during exposure to 2.8 or 11.2 mM glucose in Ca2+-free HKRB solution at 36 C
100 lMNADPH and 10 lMNADP (100/10) or 10 lMNADPH and 100 lMNADP (10/100)
0.89 ± 0.02 (n = 7) and 0.87 ± 0.02 (n = 11), respectively. *P < 0.05 vs. the other bars by
recording during exposure to 1 lM FCCP, 5 mM AMPPNP or glycolytic intermediates: 11
acid (KIC) in the presence of different concentrations of glucose and ATP. Number of data
mM in the graph. Dotted line indicated a level of the relative current at 2.8 mM glucose
potential of +20 mV.at +20 mV, unpaired test). In terms of comparison of current levels
after superfusion of 2.8 and 16.6 mM glucose, the Kv-channel cur-
rent measured at 12 min were 111.9 ± 17.6 and 164.4 ± 16.3 pA/pF
(P < 0.05), respectively. Current–voltage relations obtained 25 min
after superfusion with 16.6 or 2.8 mM glucose showed glucose
concentration-dependent increase in Kv-channel currents
(Fig. 1C). Similar results were observed in conventional whole-cell
mode (Fig. 1D). In perforated whole-cell mode the relative Kv-
channel current was continuously decreased to 0.46 ± 0.08 at
25 min exposure time (Fig. 1B, open circles, n = 5), but it was
0.73 ± 0.01 (Supplementary Fig. 1, n = 4, P = 0.03) in conventional
whole-cell mode at 2.8 mM glucose. We observed these decrease
and increase in Kv-current in response to changes in glucose con-
centrations in all the cells examined as far as we successfully per-
formed voltage clamp experiments for 20 min or more (n = 52).
Furthermore, the cell in which the Kv-current decreased in the
presence of 2.8 mM glucose in perforated mode was shown to be
immunoreactive to insulin (Supplementary Fig. 2). These observa-
tions suggest that Kv channels of b-cells are regulated by changes
in external glucose concentration.
3.2. Reversibility of down-regulated Kv-channel current by high
glucose
The Kv-channel current that was down-regulated by continuous
exposure to 2.8 mM glucose was restored to a control level by
increasing the glucose concentration to 16.6 mM (Fig. 2), suggest-
ing that down-regulation of the channel activity by low glucosediates, metabolic inhibitions on the Kv-channel currents. All data were obtained in
V. (A) The relative current measured 5 min after initiation of recording with 2.8, 5.6,
was 4–6. (B) Relative Kv-channel current measured 5 min after initiation of each
. To test effects of NADPH/NADP ratio in the pipette solution on Kv-channel current,
were included in standard pipette solution, which resulted in the relative currents of
ANOVA. (C) Relative Kv-channel currents measured 5 min after initiation of each
.2 mM glyceraldehyde (GA), 10 mM pyruvic acid (PA) and 10 mM 2-ketoisocaproic
in each bar was 5–10. Glucose and intrapipette ATP concentrations were indicated in
with 5 mM ATP as in (A). *P < 0.05 by ANOVA. Data were obtained at the membrane
Fig. 4. Selective regulation of Kv2.1 channels by glucose metabolism. (A) After
adding tolbutamide to HKRB solution, the current traces at +20 mV (control) and
those in the presence of 30 nM guangxitoxin-1E before (black) and at 5 min after
(red line) exposure to 2.8 mM glucose were shown. (B) Current densities in 2.8 mM
glucose (control, closed circles) were decreased by exposure to 30 nM guangxitox-
ine-1E (open circles). The current–voltage relations after the guangxitoxin-1E were
not inﬂuenced by 5 min exposure to low glucose (2.8 mM; closed squares) and high
glucose (11.2 mM; closed triangles). These three current–voltage relations were
completely overlapped. Number of data in each group was 4.
2228 M. Yoshida et al. / FEBS Letters 583 (2009) 2225–2230may be physiological but not due to cytotoxicity induced by insuf-
ﬁcient energy supply. We observed similar results in 3 other
experiments.
3.3. Down-regulation of Kv channels is independent of temperature,
external Ca2+ and changes in cytosolic NADPH/NADP ratio
Relative Kv-channel currents at 5 min after exposure to solu-
tions containing varying glucose concentrations were 0.88 ± 0.02
(n = 4) at 2.8 mM glucose, 0.95 ± 0.02 (n = 4) at 5.6 mM,
1.00 ± 0.001 (n = 4) at 8.3 mM and 1.00 ± 0.01 (n = 6) at 11.2 mM
(Fig. 3A). These changes in Kv-current amplitude in response to
glucose were further explored in terms of temperature- and extra-
cellular Ca2+-dependence (Fig. 3B). Relative Kv-channel currents
were 0.86 ± 0.03 (n = 7) at 2.8 mM glucose (36 C and in Ca2+-free
HKRB; P = 0.65 vs. 2.8G in Fig. 3A: 25 C and 2 mM Ca2+). Under
the same condition, relative Kv-channel currents were 1.07 ± 0.05
by continuous exposure to 11.2 mM glucose for 5 min (n = 6,
P = 0.003 vs. 2.8 mM glucose in Fig. 3B). Kv2.1 channels in b-cells
are also thought to be regulated by the cytosolic NADPH/NADP ra-
tio [13]. We compared effects of different ratio of cytosolic 100:10
or 10:100 NADPH/NADP in whole-cell mode on Kv-channel current
during continuous exposure to 2.8 mM glucose at 36 C and Ca2+-
free in HKRB solution. The relative currents after 5 min exposure
to 2.8 mM glucose were not altered by these different ratios of
NADPH/NADP.
3.4. MgATP mediates the down-regulation of Kv channels
In the presence of FCCP, an uncoupler of electron transport of
mitochondria [19], relative Kv-channel current measured at
5 min after exposure decreased to 0.69 ± 0.06 despite the presence
of 11.2 mM glucose in HKRB solution (P < 0.002 vs. 11.2 mM glu-
cose, open bar, n = 8, Fig. 3C). Glycolytic intermediates: 11.2 mM
glyceraldehyde (GA; bath application), 10 mM pyruvic acid (PA;
intrapipette use) and 10 mM 2-ketoisocaproic acid (KIC; intrapi-
pette use) were tested at 0 or 2.8 mM glucose and all these pre-
vented the low glucose-induced down-regulation of the Kv-
channel currents. The relative Kv currents with 2.8 mM glucose
and 5 mM ATP, indicated as a dotted line in Fig. 3C, were lower
than those observed with GA (P = 0.029), PA (P = 0.004) and KIC
(P = 0.002). Likewise, increase in MgATP to 10 mM in the pipette
also prevented the down-regulation of Kv-channel current
(P = 0.001). Omission of MgATP in the pipette with or without
11.2 mM glucose and non-hydrolysable ATP analogue, AMPPNP
mimicked the effects of FCCP.
3.5. Kv2.1 channels as the major component of the down-regulation
The current was substantially reduced in the presence of a
Kv2.1-speciﬁc inhibitor [20,21], guangxitoxin-1E (Fig. 4A). The cur-
rent that remained after guangxitoxin-1E treatment exhibited a
fast activating and slowly decaying kinetics, the properties known
for A-current [6,9] and was insensitive to the change in glucose
concentration to 11.2 or 2.8 mM (Fig. 4B). These results suggested
that the component down-regulated by prolonged exposure to
2.8 mM glucose was Kv2.1 channel current.
3.6. Changes in activation and inactivation kinetics during down-
regulation of Kv channels
We examined whether activation and inactivation kinetics of
the Kv2.1 channels after down-regulation were inﬂuenced. We ob-
served a leftward shift of the half-maximal conductance (G1/2) in
the conductance–voltage (G–V) relations from 7.5 ± 1.2 mV
(n = 5) to 16.6 ± 3.0 mV (n = 4) after down-regulation in the con-tinuous presence of 2.8 mM glucose (Fig. 5A). The half-maximal ef-
fect for membrane potential (Vi1/2) of steady-state inactivation was
36.9 ± 2.6 mV in control and 39.6 ± 2.6 mV after 5 min exposure
to 2.8 mM glucose (n = 4, Fig. 5B). The reduction of Kv-channel cur-
rent at low glucose was use-dependent (Fig. 5C). Voltage pulses to
+20 mV at intervals of 10 s for 3 min followed by 5 min pause at a
holding potential of 70 mV were repeated during the continuous
exposure to 2.8 mM glucose. The current amplitudes during repet-
itive pulses decreased with time and partially restored after the
pauses. This use-dependent down-regulation was not observed in
the presence of 11.2 mM glucose (Fig. 5D). The relative currents
were increased during exposure to higher glucose concentration.
4. Discussion
In the present report we demonstrated a regulation of the Kv-
channel current by glucose metabolism in pancreatic b-cells. The
Kv-channel current increased in response to elevation of glucose
concentration in a physiological range and it decreased upon pro-
longed exposure to low glucose in both perforated and conven-
tional whole-cell clamp modes (down-regulation of the channel
current). These glucose effects may be due to modulation of the
channel activity by glucose metabolism, whereas changes in
NADPH/NADP ratio, temperature or extracellular Ca2+ concentra-
tion did not inﬂuence time-course and magnitude of down-regula-
tion of the channel current. Increase of osmotic pressure by an
addition of 8.4 mM sucrose in the presence of 2.8 mM glucose
did not mimic the effect of 11.2 mM glucose on the Kv-channel
activity; the relative Kv-channel current 5 min after exposure
was 0.70 ± 0.03 in the former (n = 4, P < 0.0001; unpaired test vs.
11.2 mM glucose). Thus, glucose metabolism but not osmotic pres-
Fig. 5. (A) Cord conductance–voltage (G–V) relations before and after down-regulation of Kv channels. Membrane potential was depolarized to +50 mV in 10 mV step with an
interval of 20 s between pulses from a holding potential of 70 mV. Cord conductances were calculated by dividing the current amplitudes measured at the end of each test
pulse with a difference between the test potential and EK that was calculated from the Nernst equation (80.7 mV in our solutions). Cord conductances were normalized to
that obtained at +50 mV and plotted against membrane potentials. The Boltzmann equation was used to ﬁt these data. Closed and open circles were data before and after the
down-regulation that was produced by exposure to 2.8 mM glucose for 5 min, respectively. (B) Steady-state inactivation curves before (closed circles) and after (open circles)
the down-regulation of Kv-channel current. In terms of voltage protocol, prepulses of various potentials between 100 and 10 mV in 10 mV step with a long duration (10 s)
were applied to inactivate the channels, and followed by a short hyperpolarization (100 mV) of 10 ms with subsequent depolarizing pulse to +20 mV of 100 ms to measure a
relative level of steady-state inactivation. Normalized relative currents were plotted and Boltzmann equation was also used to ﬁt the data. (C) Use-dependent down-
regulation of Kv channels at low glucose. The Kv-channel currents were measured at the end of test pulses to +20 mV at 10 s intervals with the same voltage protocol as used
in previous ﬁgures and plotted against time. The depolarized pulses were applied for 3 min and paused for 5 min. These intermittent stimulations and pause were repeated as
illustrated. The cells were continuously superfused with HKRB solution containing 2.8 mM glucose throughout the experiment. The down-regulation was partially restored
after pauses. (D) Kv-channel current were increased by exposure to 11.2 mM glucose. Voltage protocol for intermittent stimulations and pauses was same as in (C) except for
continuous exposure to high glucose. Date from whole-cell mode and 25 C.
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glyceraldehyde and intracellularly dialysed intermediates, pyruvic
acid or KIC, mimicked the effect of high glucose and prevented the
channel down-regulation in the presence or absence of 2.8 mM
glucose. Application of KIC to b-cell at 0 mM glucose-stimulated
insulin secretion by increasing the intracellular ATP levels [22].
Glyceraldehyde also was used as an intermediate product of gly-
colysis [23]. Both of the intermediates inhibited openings of KATP
channels activated under conditions of metabolic inhibition in pan-
creatic b-cells [18]. Thus, glycolysis as well as mitochondrial
metabolism may contribute to maintenance of the Kv-channel
activity. Increase in internal MgATP concentration to 10 mM in
whole-cell pipette solution also stabilized the channel activity,
while FCCP and 0 mM ATP with or without 11.2 mM glucose pro-
duced down-regulation of the Kv channel. Non-hydrolysable ana-
logue of ATP, AMPPNP, did not mimic the ability of high glucose
to prevent the Kv-channel down-regulation (Fig. 3C). These results
suggest that MgATP plays a pivotal role in maintaining the activity
of the channel.
This Kv-channel regulation by glucose metabolism was speciﬁc
for Kv2.1 channels but not for A-current, because the residual
channel current after inhibition of Kv-channels by guangxitoxin-
1E remained unaffected during superfusion with 2.8 or 11.2 mM
glucose. Guangxitoxin-1E is a blocker selective to Kv2.1 and
Kv2.2 channels with a half-maximal concentration of 1 nM
[20,21]. In rat b-cells, Kv2.1 but not Kv2.2 channels are reportedly
present [7]. Accordingly, Kv2.1 channel appears to be the primary
Kv-channel subtype that is targeted by glucose.Direct phosphorylation of Kv2.1 channels inﬂuences channel
kinetics [24–26]. Kv2.1 channels are highly phosphorylated and
graded dephosphorylation shifted G1/2 in the G–V relations toward
more negative potentials as compared to that in control [26]. In the
present paper, we observed similar leftward shift of G1/2 from
7.5 ± 1.2 to 16.6 ± 3.0 mV after down-regulation in the continu-
ous presence of 2.8 mM glucose (Fig. 5A). Vi1/2 of steady-state inac-
tivation was 36.9 ± 2.6 mV in control and 39.6 ± 2.6 mV after
5 min exposure to 2.8 mM glucose (Fig. 5B). Dephosphorylated
Kv2.1 channels reportedly showed a shift of Vi1/2 toward negative
potential [26]. Although this small shift of the Vi1/2 was insigniﬁ-
cant, dephosphorylation of Kv-channels might be in part involved
in the down-regulation of Kv-channel currents during exposure
to low glucose. The ineffectiveness of low-glucose exposure on
inactivation kinetics suggests that changes in one or more of the
following parameters: maximum open probability of Kv channels,
availability of number of the channels and recovery from inactiva-
tion between pulses may be involved. ATP depletion and dephos-
phorylation as a consequence of low MgATP levels as substrate
may mechanistically contribute to down-regulation of Kv
channels.
We also found that intracellular energy metabolism is not
chemically clamped in conventional whole-cell mode and inﬂu-
enced by changes in external metabolic environment such as glu-
cose concentrations. Reduction of the Kv-channel currents by
2.8 mM glucose in the whole-cell mode was less pronounced than
that in the perforated whole-cell mode (Fig. 1B and Supplementary
Fig. 1). Therefore, it is suggested that cytoplasmic ATP levels can
2230 M. Yoshida et al. / FEBS Letters 583 (2009) 2225–2230change in the conventional whole-cell mode but to a lesser extent
than the perforated whole-cell mode, because ATP is supplied con-
tinuously through pipettes in whole-cell mode.
Time required until initiation of recordings after bringing the
cells out of the CO2 incubator was 21.0 ± 3.7 min (n = 5) in perfo-
rated whole-cell mode and 11.7 ± 1.4 min (n = 35) in conventional
whole-cell clamp mode. The current density at time 0 for record-
ings was 156.7 ± 18.7 pA/pF (n = 10) in the perforated mode and
166.6 ± 17.3 pA/pF (n = 10, P > 0.05) in the conventional mode.
These results suggest that the Kv-channel activity is stable unless
the membrane is voltage-clamped to depolarized potentials. In
fact, we observed that Kv-channel current was down-regulated in
a use-dependent manner and partially restored from the down-
regulation after pauses without depolarized pulse at low glucose
(Fig. 5C) and up-regulated (increase in the current) at high glucose
(Fig. 5D).
Our results that glucose metabolism enhances the Kv-channel
activity may suggest a negative-feedback regulation of action
potentials in response to glucose stimulation. This may reduce an
excess entry of Ca2+ ions into the cell during action-potential burst-
ing. Because there is no speciﬁc opener for Kv2.1 channels yet, we
cannot evaluate effects of increase in Kv-channel current at high
glucose on insulin secretion. Time required for 50% repolarization
of action potential in b-cells was short during glucose stimulated
electrical ﬁrings (48.8 ± 4.0 ms, n = 6). The time constant for Kv-
channel activation on depolarized pulses (6.6 ± 1.7 ms at 10 mV,
n = 5) was fast enough to inﬂuence action-potential durations.
Thus, even in these short action-potential durations, both electrical
activity and insulin secretion are reportedly inﬂuenced by Kv-
channel blocker, guangxitoxin-1E [20]. We have previously ob-
served that ghrelin, a gastric-derived hormone with potential stim-
ulatory effects on feeding and growth hormone release, inhibits
glucose-stimulated insulin secretion from pancreatic b-cells by
an involvement of increase in Kv-channel current [14,15]. Whether
insulin secretion is negatively regulated by an increase in Kv-chan-
nel availability at high glucose remains to be elucidated.
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